Nuclear factor kappa B (NF-κB) is a key signaling molecule in the elaboration of the inflammatory response. Data indicate that curcumin, a natural ingredient of the curry spice turmeric, acts as a NF-κB inhibitor and exhibits both anti-inflammatory and anti-cancer properties. Curcumin analogues with enhanced activity on the NF-κB and other inflammatory signaling pathways have been developed including the synthetic monoketone compound termed 3,5-Bis(2fluorobenzylidene)-4-piperidone (EF24). 3,5-Bis(2-pyridinylmethylidene)-4-piperidone (EF31) is a structurally-related curcumin analogue whose potency for NF-κB inhibition has yet to be determined. To examine the activity of EF31 compared to EF24 and curcumin, mouse RAW264.7 macrophages were treated with EF31, EF24, curcumin (1-100µM) or vehicle (DMSO 1%) for 1 hour. NF-κB pathway activity was assessed following treatment with lipopolysaccharide (LPS) (1µg/mL). EF31 (IC 50 ~5µM) exhibited significantly more potent inhibition of LPS-induced NF-κB DNA binding compared to both EF24 (IC 50~3 5µM) and curcumin (IC 50 >50µM). In addition, EF31 exhibited significantly greater inhibition of NF-κB nuclear translocation as well as the induction of downstream inflammatory mediators including pro-inflammatory cytokine mRNA and protein (tumor necrosis factor-α, interleukin-1β, and interleukin-6). Regarding the mechanism of these effects on NF-κB activity, EF31 (IC 50~1 .92µM) exhibited significantly greater inhibition of IκB kinase β compared to EF24 (IC 50~1 31µM). Finally, EF31 demonstrated potent toxicity in NF-κB-dependent cancer cell lines while having minimal and reversible toxicity in RAW264.7 macrophages. These data indicate that EF31 is a more potent inhibitor of NF-κB activity than either EF24 or curcumin while exhibiting both anti-inflammatory and anticancer activities. Thus, EF31 represents a promising curcumin analogue for further therapeutic development.
Introduction
Mounting data suggest that inflammation may serve as a common mechanism of multiple diseases including cardiovascular disease, diabetes, cancer, neurodegenerative diseases, and certain neuropsychiatric disorders [1] [2] [3] [4] [5] [6] [7] . The nuclear factor kappa B (NF-κB) pathway has been identified as a key mediator of inflammation and therefore serves as an important target for drug development and discovery [8] [9] [10] .
NF-κB is a family of transcription factors with five subunits (p52, p50, RelB, c-Rel, and RelA/p65) that form hetero-and homodimers which remain inactive in the cytoplasm when associated with IκB proteins [11] . Activation of IκB kinases (IκKα, IκKβ, and NF-κB essential modulator [NEMO]/IκKγ) results in the phosphorylation of the inhibitory IκB (IκBα, IκBβ, and IκBε) proteins bound to NF-κB. NF-κB is consequently released and translocates to the nucleus where it interacts with other transcription factors and transcriptional co-factors to regulate expression of an array of genes, many of which are involved in inflammatory signaling (e.g. cytokines, chemokines, adhesion molecules, and acute phase proteins) as well as proliferation and apoptosis [11] . The NF-κB pathway can be activated by multiple inflammatory stimuli including cytokines and pathogen-derived molecules such as lipopolysaccharide (LPS). LPS is a cell wall component of gram-negative bacteria, and with the aid of accessory proteins (LPS-binding protein and CD14) it is recognized by the toll-like receptor 4 (TLR-4) and myeloid differentiation factor (MD)-2 complex on the surface of mononuclear myeloid cells [12] . Activation and dimerization of the TLR4-MD2 monomer complex induces a cascade of signaling molecules that include myeloid differentiation factor 88, interleukin (IL)-1 receptor associated protein kinase, and tumor necrosis factor (TNF) receptor activated factor-6, leading to activation of NF-κB and mitogen-activated protein kinase (MAPK) pathways [13] . LPS is a common inflammatory stimulus in clinical and laboratory studies, and its effects on NF-κB and inflammatory mediators have been well characterized [14, 15] .
The search for NF-κB blockers has identified several promising natural compounds, including curcumin. Curcumin is a component of the curry spice, turmeric, and is derived from the root of the plant Curcuma longa, a member of the ginger family. Curcumin has been used throughout Asia for culinary applications, and as a treatment for a variety of ailments ranging from acute infection to chronic disease (e.g. inflammatory bowel syndrome, diabetes, and asthma) [16] [17] [18] . Curcumin has also been shown to exhibit anti-inflammatory, anti-bacterial/ fungal/ viral, anti-cancer, and anti-oxidant activities in laboratory animals [18, 19] . Although curcumin targets many transcription factors (ATF3, AP-1, STAT-3), protein kinases (PKA, PKC), enzymes, growth factors, inflammatory mediators, and anti-apoptotic proteins [20] , there has been considerable interest in curcumin's ability to inhibit NF-κB pathway activity. However, due to its low bioavailability, poor absorption and rapid metabolism [21] , clinical trials have involved doses of curcumin as high as 12 g/day orally. Although this dosage regimen may be unacceptable to some patients, no dose-limiting toxicities have been reported [22, 23] . Nevertheless, curcumin at high doses has shown potential efficacy in patients with advanced stage pancreatic cancer [24] . These data suggest that curcumin has therapeutic potential that may be limited by dosing considerations.
Structural curcumin analogs have been created to optimize the therapeutic effects of curcumin by increasing potency, slowing metabolism, and increasing absorption. Two promising monoketone curcumin analogs include 3,5-Bis(2-fluorobenzylidene)-4-piperidone (EF24), and the more recently developed 3,5-Bis(2-pyridinylmethylidene)-4-piperidone (EF31), which replaces the carbon-flourine bond at the 1-position of the terminal benzene rings with nitrogen to give the corresponding pyridine rings ( Figure 1 ). The NF-κB inhibition activity of EF24 has been previously reported [25] . EF24 was found to block IκB kinase, phosphorylation of IκB, and the translocation of NF-κB to the nucleus. EF31 has shown a better physical profile with increased stability and solubility (Sun and Snyder, unpublished data), however its effect on NF-κB activity has yet to be determined. In the current study, the capacity of EF31 to inhibit NF-κB and its downstream inflammatory mediators was examined in mouse RAW264.7 macrophages as well as NF-κB-dependent cancer cell lines. EF31 was found to be a more potent inhibitor than either EF24 or curcumin of NF-κB as well as other inflammatory signaling pathways such as mitogen-activated protein kinases (MAPKs).
Methods

Materials
Dulbecco's modified Eagle's medium (DMEM) and RPMI 1640 were purchased from Cellgro (Manassas, VA). Weymouth's medium and Leibovitz's L-15 medium were purchased from ATCC (Manassas, VA). Curcumin was purchased from Sigma (St. Louis, MO) (C1386-5G), and the structurally related compounds EF24 and EF31 were prepared at Emory University as described previously by Adams et al., 2004 . Dimethyl sulfoxide (DMSO) was used to dissolve all compounds, and all dilutions were made from a 10mM stock. LPS (Escherichia coli O55:B5) was obtained from Sigma and was suspended in saline to a final concentration of 1 µg/mL. Antibodies against NF-κB and the secondary goat antirabbit antibody conjugated to Fluor 488 were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Primers for mouse TNF-α, IL-1β, IL-6, and GAPDH were obtained from Qiagen (Valencia, CA).
Cell cultures
Mouse RAW 264.7 macrophage cells (ATCC, Manassas, VA) were cultured in DMEM supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum (HyClone Labs, Logan, UT) at 37 °C with 5% CO 2 . A2780 cells, a human ovarian carcinoma cell line (Sigma), were cultured in RPMI 1640 supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum at 37 °C with 5% CO 2 . MDA-MB-231 cells, a human breast cancer cell line (ATCC), were cultured in Leibovitz's L-15 supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 10% fetal bovine serum at 37 °C with 100% air. EMT6 cells, a mouse mammary carcinoma cell line (ATCC), were cultured in Weymouths's MB 752/1 supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, and 15% fetal bovine serum at 37 °C with 5% CO 2 . MIA PaCa-2 cells, a pancreatic carcinoma cell line (ATCC), were cultured in DMEM supplemented with 100 U/mL penicillin, 100 µg/mL streptomycin, 10% fetal bovine serum, and 2.5% horse serum at 37 °C with 5% CO 2 .
Assessment of transcription factor-DNA binding in RAW cells
RAW 264.7 mouse macrophage cells were plated at 3.4 × 10 5 cells/well in 60 mm × 15 mm dishes, incubated overnight, and were then incubated in triplicate with either EF24, EF31, curcumin, or vehicle (DMSO 1%) for 1 hour prior to LPS (1 µg/mL) or saline treatment. Nuclear proteins were collected 15 minutes after LPS treatment using the extraction kit protocol from Active Motif (Carlsbad, CA). The 15 minute collection time-point after LPS treatment was derived from a time course study (see Figure 2A ). Nuclear protein samples were analyzed in triplicate using the NF-κB p65 DNA binding ELISA kit (Active Motif) or the MAPK family DNA binding ELISA kit (Active Motif) according to manufacturer instructions.
Assessment of NF-κB nuclear translocation in RAW cells
RAW 264.7 mouse macrophage cells were plated at 20,000 cells/400 µl/well in 8-well glass chamber slides (Nunc, USA) and incubated overnight. Cells were then treated with the test compounds or vehicle (DMSO 1%) for 1 hour prior to treatment with LPS (1 µg/mL) for 15 minutes. Cells were then processed for confocal microscopy as previously described (Kasinski et al., 2008) . Briefly, cells were washed with ice-cold phosphate-buffered saline (PBS) and fixed using 2% paraformaldehyde for 30 minutes at room temperature. Triton-X 100 (0.1%) was used to permeabilize the cells for 20 minutes. Cells were then washed (3X) with PBS and blocked using bovine serum albumin (1%) for 1 hour followed by an overnight incubation at 4°C with rabbit anti-p65 NF-κB antibody (1:500). Cells were washed with PBS and incubated with goat anti-rabbit IgG conjugated with Alexa Fluor 488 (1:1000) along with Hoechst 33342 (1 µM) for 1 hour at room temperature. After washing the cells with PBS, the chambers were removed and the slides were imaged using an LSM510 confocal microscope set for fluorescein isothiocyanate (argon/2 laser-excitation at 488 nm, emission at 510 nm) and 4,6-diamidino-2-phenylindole (diode laser-excitation at 405 nm, emission at 420 nm). Images were quantified and analyzed using Metamorph for Olympus (Olympus America, Center Valley, PA). The nuclear region was defined using the Hoechst 33342 staining and was then used to calculate the average of the nuclear NF-κB fluorescence intensity. Samples were run in triplicate and 20 representative cells were chosen at random in each treatment well (total of 60 cells per treatment group) to assess NF-κB nuclear translocation.
Isolation of total RNA and cytokine RT-PCR
RAW 264.7 mouse macrophage cells were plated at 1.8 × 10 5 cells/well in 6-well plates and incubated overnight. Cells were then treated with the test compounds or vehicle (DMSO 1%) in triplicate for 1 hour prior to stimulation with LPS (1 µg/mL) or saline. Three hours after LPS treatment, cells were collected and total RNA was extracted using the RNeasy Mini kit (Qiagen, Hilden, Germany) followed by reverse transcription PCR and amplification of 1µL of cDNA by real-time PCR (Applied Biosystems, 7500 Fast, Carlsbad, CA).
Cytokine protein ELISA
RAW 264.7 mouse macrophage cells were plated at 1.8 × 10 5 cells/well in 6-well plates and incubated overnight in DMEM. Cells were then treated with the test compounds or vehicle (DMSO 1%) in triplicate for 1 hour prior to stimulation with LPS (1 µg/mL) or saline. Six hours after LPS stimulation, cell supernatants were collected and centrifuged. Cytokine protein concentrations were assayed using mouse IL-1β, TNF-α and IL-6 ELISA from R&D (Minneapolis, MN) according to manufacturer's recommendations.
Assessment of IκKβ inhibition
Kinase recombinant protein of the catalytic domain, purchased from Invitrogen (Carlsbad, CA.), was incubated with the compounds or vehicle (DMSO 1%) in triplicate for 30 minutes before inhibition of IκKβ activity was assayed using the Z'-Lyte kinase assay kit from Invitrogen. In a 10 µL kinase reaction, the IκKβ transfers the gamma-phosphate of ATP to a single serine/ threonine residue in the synthetic peptide substrate (2 µM). The peptide is labeled with two fluorophores (coumarin and fluorescein), one at each end, to make up a fluorescence resonance energy transfer (FRET) pair. In the development reaction, 5 µL of a site-specific protease recognizes and cleaves non-phosphorylated peptides. Cleavage disrupts FRET between the coumarin and the fluorescein on the peptide. Five µl of stop reagent is added to halt the development reaction before the plate is read. Plates were read using an Envision 2102 plate reader from Perkin Elmer (Waltham, MA). During detection, a ratio-metric read-out of the donor emission over the acceptor emission quantitates reaction progress. Percent phosphorylation was calculated using controls. ATP concentrations were equal to K m values for the kinase.
Cell Viability/ proliferation assay
All cell lines were plated at 5000 cells/well in 96-well plates and incubated overnight. Cells were treated with test compounds or vehicle (DMSO 1%) in triplicate for either 1 or 48 hours before viability was assayed using the CellTiter 96 Aqueous non-radioactive cell proliferation assay (MTS) kit from Promega (Madison, WI).
Assessment of EF31 effects on phosphorylation of MAPKs, IκB, and NF-κB p65
For western blot analysis, cell extracts were prepared by directly dissolving cells in 1 × SDS sample buffer (Bio-Rad, Hercules, CA) before SDS-PAGE. Separated proteins were then electrophoretically transferred onto a nitrocellulose membrane. The membrane was blocked for 1 hr in a 5% milk/TBST solution, and then incubated overnight in the presence of the primary antibody (1:500 dilution) raised against phospho-NF-kB (p65), total NF-kB (p65), phospho IκB-α, total IκB-α, phospho P38, total P38, phospho ERK, total ERK, phospho JNK, total JNK (Cell Signaling, Danvers, MA). The washed membrane was subsequently incubated with anti-mouse and anti-rabbit second antibody (1:2000 dilution) conjugated with horseradish peroxidase for 1 h. The membrane was washed again and visualized using a chemoluminescence kit (Amersham Biosciences Corp, Piscataway, NJ) and autoradiography.
Data Analysis
Overall treatment effects were determined in each experiment by either a one-or two-way analysis of variance (ANOVA) using GraphPad Prism 5. Significant interactions were followed by post-hoc Bonferroni test to determine differences between specific groups of interest. An α level of p < 0.05 was used in all statistical tests. A t-test was used to determine a significant difference between control and LPS in Figure 3B 
Results
EF31 is a potent inhibitor of NF-κB DNA-binding and IκKβ phosphorylation
To establish the best time-point to measure NF-κB DNA-binding activity, mouse RAW264.7 macrophages were treated with LPS (1 or 10 µg/mL) or saline for 5, 15, 30, or 60 minutes after which nuclear proteins were collected and analyzed using NF-κB DNAbinding ELISA. Treatment with LPS at both 1 and 10 µg elicited a peak in NF-κB DNAbinding by 15 minutes (Figure 2A ). Statistical analysis revealed a significant time × treatment interaction (F [6, 24] = 4.209, p = 0.005). Post hoc analysis identified no significant differences between 1 and 10 µg LPS. Within cells treated with 1 µg, only the 15 minute time-point was significantly different from the 5 minute time-point (p < 0.05).
To examine the activity of EF31 compared to EF24 and curcumin, mouse RAW264.7 macrophages were treated with curcumin, EF24, EF31 (1, 5, 10, 30, 50, or 100 µM), or vehicle for 1 hour, and NF-κB DNA-binding activity was assessed 15 minutes following treatment with LPS (1 µg/mL). Potent inhibition of NF-κB DNA-binding was observed at concentrations of 5-10 µM for EF31, 30-50 µM for EF24, and 50-100 µM for curcumin ( Figure 2B ). Analysis of these results with a two-way ANOVA revealed a significant treatment × concentration interaction (F [10, 36] = 4.001, p=0.0010). The dose response indicated that the IC 50 value of EF31 was in the range of 4.5-5.3 µM, 34.1-36.2 µM for EF24, and >50 µM for curcumin. Due to a wide concentration range of inhibition (50-100 µM), the IC 50 for curcumin could not be determined. Of note, lower concentrations of EF31 were tested including 0.01 µM, and 0.10 µM with no effect on NF-κB DNA-binding (data not shown). Finally, whole cell p-IκB and NF-κB p-p65 levels were attenuated by 1 hour pretreatment with E31 after 15 or 30 min LPS treatment ( Figure 2C ). NF-κB nuclear translocation was assessed using fluorescence microscopy to determine the nuclear localization of p65 following LPS. The treatment protocol used in the experiment shown in Figure 2B was employed, i.e. nuclear localization of NF-κB was determined after treating with EF31, EF24 and curcumin (5, 10, 50 µM) or vehicle for 1 hour and then for 15 minutes with LPS (1 µg/mL). In the absence of LPS, p65 was observed almost exclusively in the cytoplasm. However, the nuclear content of p65 increased dramatically following LPS as indicated by the overlapping of the p65-fluor 488 green fluorescence with the Hoesch blue staining ( Figure 3A) . A two-way ANOVA revealed a significant treatment × concentration interaction (F [6, 24] = 3.914, p = 0.0072). Nuclear p65 localization was significantly reduced by EF31 at all concentrations examined (p < 0.05 vs. vehicle + LPS) ( Figure 3B ). Similar results were found with EF24, but only at the 10 and 50 µM concentrations (p < 0.05 vs. vehicle + LPS). Finally, curcumin tended to decrease p65 nuclear localization at 50 µM (p > 0.05 vs. vehicle + LPS).
EF31 blocks LPS-induced cytokine mRNA expression in mouse RAW264.7 macrophages
To determine the best time-point at which to measure mRNA expression, mouse RAW264.7 macrophages were treated with LPS (1 or 10 µg/mL) or saline, and mRNA was extracted at different time-points (15 minutes, 1, 3, or 6 hours) as described in section 2.5. Treatment with LPS at both concentrations resulted in a time dependent increase in mRNA expression for TNF-α, IL-1β, and IL-6 ( Supplementary Figure 1) . The 3 hour time-point was chosen to examine the effects of the compound-dependent NF-κB inhibition on mRNA expression because it was the earliest time-point that showed a significant increase in mRNA expression compared to the saline treated group for the cytokines examined. Moreover, this time-point has been previously used in mouse RAW264.7 macrophages treated with LPS to examine pro-inflammatory cytokine mRNA expression [26, 27] .
Mouse RAW264.7 macrophages were treated with curcumin, EF24, EF31 (5, 10, or 50 µM), or vehicle for 1 hour, and mRNA was extracted 3 hours following treatment with LPS (1 µg/ mL) ( Figure 4 ). The concentrations for the test compounds were chosen to cover the range of IC 50 values revealed in the previous experiments. Expression of TNF-α, IL-1β, and IL-6 mRNA were inhibited in a dose-dependent manner with all compounds. Statistical analysis revealed a treatment × concentration interaction (TNF-α, F [4, 18] = 7.712, p = 0.0008; IL-1β, F [4, 18] = 40.71, p < 0.0001; IL-6, F [4, 18] = 31.11, p < 0.0001). Of note, no inhibition of LPS-induced TNF-α was found with curcumin.
EF31 is a potent inhibitor of cytokine protein release
To assess the effects of EF31 on LPS-induced release of cytokine proteins, mouse RAW264.7 macrophages were treated with curcumin, EF24, EF31 (5, 10, or 50 µM), or vehicle for 1 hour and then with LPS (1 µg/mL). Cytokine protein released in medium was measured at 16 hours post LPS treatment. The 16 hours time-point was selected as it had been previously published using mouse RAW264.7 macrophages treated with LPS [28] . EF31 inhibited cytokine protein release at all concentrations tested (5-10 µM), while both EF24 (10-50 µM) and curcumin (10-50 µM) required higher concentrations to achieve similar results. Statistical analysis revealed a treatment × concentration interaction (TNF-α, F [4, 18] = 398.3, p < 0.0001; IL-1β, F [4, 18] = 19.00, p < 0.0001; IL-6, F [4, 18] = 50.42, p < 0.0001) ( Figure 5 ). Of note, lower concentrations of EF31 (< 5 µM) did not block cytokine protein release (data not shown).
Mechanism for EF31-dependent inhibition of the NF-κB pathway
To examine whether EF31 directly inhibits IκKβ activity, recombinant IκKβ was preincubated with EF24, EF31 (0.0977, 0.391, 1.56, 6.25, 25, 100 µM), or vehicle for 30 minutes. The activity of IκKβ was measured using a Z'Lyte kinase assay kit. EF31 exhibited significantly greater inhibition of the recombinant kinase activity compared to EF24 (p < 0.01) for concentrations higher than 100 nM ( Figure 6 ). The dose response indicated that the IC 50 value of EF31 was ~1.92 µM and ~131 µM for EF24. Statistical analysis revealed a significant treatment × concentration interaction (F [5, 24] = 198.0, p < 0.0001).
Inhibition of NF-κB DNA-binding activity by EF31 is reversible
To examine whether EF31's inhibition of NF-κB DNA-binding activity is reversible, mouse RAW264.7 macrophages were treated with curcumin (50 µM), EF24 (50 µM), or EF31 (10 µM), or vehicle for 1 hour. Cells were then washed and medium was replaced and treated with LPS (1 µg/mL). Nuclear proteins were collected at different time-points, and NF-κB DNA-binding activity was measured. NF-κB DNA-binding increased in a time-dependent manner (Figure 7) . Statistical analysis revealed a significant effect of treatment (F [3, 24]= 3.883, p = 0.0215), but not time. Post-hoc analysis identified a significant difference between vehicle and EF31 at 15 minutes (p < 0.05), but not at 3 or 6 hours.
At concentrations that inhibit NF-κB, EF31 does not reduce cell viability/proliferation in mouse RAW264.7 macrophages
To assess the effects of EF31 on cell viability, mouse RAW264.7 macrophages were treated with curcumin, EF24, EF31 (1, 5, 10, or 50 µM), or vehicle for 1 hour, and then with LPS or saline for 15 minutes. Cell viability was assayed using a cell proliferation (MTS) kit. Statistical analysis showed a concentration effect in the LPS treated groups (F [3, 24]= 4.052, p = 0.0183) and a significant treatment × concentration interaction in the saline treated groups (F [6, 24]= 5.295, p= 0.0013). Post-hoc analysis showed a significant difference between curcumin and both analogs, EF24 and EF31 at the 50 µM concentration (p < .01) in the saline treated groups only. However, EF31 showed no reductions in cell viability as compared to vehicle treatment for concentrations that were previously found to inhibit NF-κB DNA binding (5-10 µM). Nevertheless, a higher concentration of 50 µM did reduce cell viability by approximately 50% (Figure 8 ). EF24 did not have an effect on cell viability for any of the concentrations tested, while curcumin showed significant reductions in cell viability at 50 µM (a concentration that inhibits NF-κB DNA-binding activity by about 50%). Of note, these data also suggest that the EF31-mediated reduction in NF-κB DNA-binding activity in mouse RAW264.7 macrophages was not due to a loss of viable cells.
EF31 is cytotoxic in cancer cell lines
Human ovarian carcinoma cells (A2780), human breast cancer cells (MDA-MB-231), human pancreatic carcinoma cells (MIA PaCa-2), and mouse mammary carcinoma cells (EMT6), all of which depend heavily upon the NF-κB pathway for proliferation, were treated with curcumin, EF31 (1, 5, 10, or 50 µM), or vehicle for 48 hours. Cell viability was then assayed using a cell proliferation (MTS) kit. Statistical analysis showed a significant interaction between treatment × concentration in the MIA PaCa-2 cells (F [3, 16]= 15.76, p < 0.0001), A2780 cells (F [3, 16]= 16.28, p < 0.0001), and the EMT6 cells (F [3, 16] = 55.74, p < 0.0001), while the MDA-MB-231 cells showed a significant treatment effect (F [1, 16]= 46.44, p < 0.0001) and a significant concentration effect (F [3, 16]= 6.118, p = 0.0057). In all cancer cell lines, EF31 showed a dose response effect on cell viability using the same treatment paradigm as in the mouse RAW264.7 macrophages (Figure 8 ). Moreover, when compared to curcumin, EF31 was consistently more potent in reducing cell viability for all cancer cell lines tested (Figure 9 ).
EF31 inhibits mitogen-activated protein kinase pathways
To explore whether the effects of EF31 on cytokine mRNA and protein extended to other kinase mediated pathways, activity in the MAPK pathway was assessed following treatment with EF31. Mouse RAW264.7 macrophages were treated with curcumin (50 µM), EF31 (10 µM), or vehicle for 1 hour prior to LPS (1 µg/mL) or saline treatment. Nuclear proteins were collected 15 minutes after LPS treatment and MAPK transcription factor (ATF-2 and c-JUN)-DNA binding activity was measured using a DNA-binding ELISA. This time-point was chosen based on a MAPK transcription factor time course ( Supplementary Figure 2) showing that at 15 minutes the DNA-binding activity of both transcription factors (c-JUN and ATF-2) is significantly increased. EF31 significantly reduced the DNA-binding activity for both transcription factors in the LPS treated groups. A two-way ANOVA showed a significant compounds (EF31 or curcumin) × treatment (LPS or saline) interaction (ATF-2, F [2, 12]= 285.5, p < 0.0001; c-JUN, F [2, 12]= 83.08, p < 0.0001) ( Figure 10 ). Similar results were found for curcumin; however, post-hoc analysis revealed that in the LPS treated groups, EF31-induced inhibition was significantly greater than curcumin for both transcription factors (p < 0.001). Finally, inhibition of LPS-induced MAPK pathway activity by EF31 was examined using western blot of whole cell p-ERK, p-JNK, and p-p38. As shown in Figure 11 , treatment with EF31 for 1 hr blocked p-JNK after both 15 and 30 minutes of treatment with LPS. LPS-induced p-ERK and p-p38 were also attenuated at both time points, although to lesser degrees.
Discussion
The results presented here demonstrate that EF31 is a potent inhibitor of NF-κB DNAbinding and nuclear translocation. EF31 also attenuated induction of downstream proinflammatory cytokine mRNA and protein mediators, and directly inhibited IκKβ activity. Of note, these effects were observed at concentrations that showed no toxicity in mouse RAW264.7 macrophages, while maintaining potent toxicity in NF-κB-dependent cancer cell lines.
Regarding the mechanism of these effects, the data indicate that EF31, like EF24, directly interacts with IκKβ, thereby blocking the phosphorylation of IκB, a necessary step in the activation of NF-κB and its translocation to the nucleus [25, 29] . IκB binds to NF-κB subunits where it is thought to interact with the NF-κB DNA-binding/nuclear localization region, preventing NF-κB translocation to the nucleus. Upon activation, the IκB kinases (IκKα, IκKβ, and NEMO) phosphorylate the inhibitory IκB proteins bound to NF-κB. IκB is then polyubiquitinated and degraded by the 26S proteasome, and consequently, the p65 nuclear localization sequence is unmasked and other amino acids are in turn phosphorylated allowing translocation to the nucleus and activation of gene transcription. The mechanism by which EF31 inhibits IκKβ remains to be elucidated. One possibility is that EF31 may partially occupy the ATP binding site of the kinase as has been suggested for EF24 and curcumin [25] . By interacting with the ATP binding site on the IκKβ, EF31 would block the phosphorylation of the IκB protein and thereby block activation of NF-κB. Furthermore, curcumin has also been shown to indirectly inhibit IκKβ through interactions with other kinases such as Akt, protein kinase C (PKC), and MAPK, which have also been implicated in the activation of NF-κB [30] . Whether EF31 is active against these kinases remains to be determined.
EF31 was also found to block downstream cytokine mRNA expression and cytokine protein release. Indeed, in mouse RAW 264.7 macrophages, cytokine mRNA expression was significantly reduced by EF31 as well as EF24 and curcumin in a dose dependent manner at concentrations between 5-50 µM. Treatment with these compounds also blocked cytokine protein release at 16 hours post LPS. However, both EF24 and curcumin required significantly higher concentrations to achieve results similar to EF31. EF31's increased potency may be related to its structure. Both EF31 and EF24 are shorter than curcumin, which could confer an advantage by allowing these compounds to be more adaptable to the globular binding pocket of IκKβ [25] . Moreover, the nitrogen-carbon bonds in the terminal rings of EF31 are less bulky than the fluorine-carbon bonds in EF24. The nitrogen allows for favorable steric effects in the kinase binding site, and because they are good proton acceptors, they also have an advantage in the formation of hydrogen bonds to the target proteins (Shi and Snyder, unpublished data). Nevertheless, further testing is required to determine the binding site of EF31 on IκKβ and the mechanism for increased potency. Although experiments presented here suggest that EF31 may be inhibit LPS-induced cytokines production via effects on the NF-κB pathway, further experiments are required to demonstrate that EF31 directly impacts expression of genes regulated by NF-κB. For example, a luciferase assays using an NF-κB-driven promoter would confirm that EF31 disrupts expression of genes that are regulated by NF-κB. This is especially the case given findings regarding the effects of EF31 on MAPK pathways (discussed below).
Similar to EF24, EF31 exhibited more potent toxicity on NF-κB-dependent cancer cell lines than curcumin. The NF-κB pathway plays an important role in the survival and proliferation of the cancer cell lines tested [3, 25, [31] [32] [33] . Sustained cell viability has been shown to depend in part on NF-κB-regulated gene expression of survival proteins such as Bcl-xL and other anti-apoptotic signaling molecules. By blocking the activation of the NF-κB pathway and thus the expression of survival signals, apoptotic signaling pathways may be activated and thereby reduce cell viability and proliferation. Another mechanism that may be involved in EF31's effects on cancer cell viability is increased expression of the protein phosphatase and tensin homolog (PTEN). PTEN is a negative regulator of the kinase Akt, which is involved in the survival of some cancer cell lines [34] . Expression of PTEN results in cell cycle arrest and apoptosis, however, activation of the NF-κB subunit p65 has been shown to reduce expression of PTEN by interfering with transcription cofactors in the nucleus [35] . By blocking the disinhibition of the p65 subunit of NF-κB, EF31 in turn may increase the expression of PTEN. A similar mechanism of action has been reported for EF24 [31] . Moreover, there is evidence suggesting that EF24 and EF31 both use a redox-dependent mechanism to induce apoptosis in cancer cells [33, 36] . Although low concentrations of EF31 (1-30 µM) had cytotoxic effects on the cancer cell lines tested, it did not show significant reductions in cell viability/proliferation in mouse RAW264.7 macrophages, possibly related to the specific roles of NF-κB in these cancer cell lines. Related to this topic, curcumin tended to reduce RAW264.7 macrophage viability at the concentration employed in most experiments (50 µm), opening up the possibility that some portion of curcumin effects reported here may have been due to cell toxicity.
Another issue regarding the development of curcumin analogs for therapeutic use is whether or not the inhibition of NF-κB activity is reversible. EF31 is a Michael acceptor, with the potential to form carbon bonds that irreversibly bind to the ATP pocket of IκKβ and thereby could irreversibly block NF-κB activity. NF-κB is important for the survival of healthy cells as well as cancer cell lines, and if inhibition is irreversible, it could induce cellular apoptosis and destroy vulnerable cells/ tissues as well as compromise the immune response. Indeed, IκKα, IκKβ, and p65 knockout mice typically die as embryos or shortly after birth, while p50 KO mice are viable but show degenerative alterations including increased spontaneous cell death in the brain, abnormal capillaries, and fewer myelinated axons of the optic nerve [37] . In the current studies, mouse RAW26.7 macrophages treated with EF31 and LPS regained NF-κB DNA-binding activity in a time-dependent manner, suggesting that the inhibition is reversible. Nevertheless, recovery of NF-κB activity measured using a DNAbinding ELISA could have also been due in part to cell proliferation, and not necessarily to uncoupling of the compound from the IκKβ. Although, NF-κB DNA-binding activity in the current studies serves as an indirect indicator of upstream IκB kinase activity, Sun et al. (2009) showed that binding of EF24 and EF31 to thiol (SH) is reversible. This suggests that binding of the compounds to the nucleophile SH of the cysteine in the binding pocket of the IκB kinase is also reversible, which is consistent with the recovery of downstream NF-κB DNA-binding in the current studies.
In addition to effects on NF-κB, at a 10 µM concentration, EF31 significantly reduced DNA-binding activity of the activator protein (AP)-1 transcription factors activating transcription factor-2 (ATF-2) and c-Jun, as well as whole cell p-JNK, suggesting that EF31 may have broad effects on inflammatory signaling pathways including MAPKs. These results are consistent with data showing that curcumin inhibits the activity of p38 and c-Jun N-terminal kinase (JNK): kinases involved in the downstream activation of MAPK transcription factors [38, 39] . Of note, our results for MAPK transcription factor-DNA binding and p-JNK also showed a significant increase in the saline group treated with EF31. This may be related to interactions between the NF-κB and MAPK pathways. Nijboer et al., reported a significant increase in AP-1 activity when NF-κB was inhibited in a model of hypoxic-ischemic brain damage [40] . The mechanism by which NF-κB inhibition can upregulate activity in the JNK/AP-1 pathway, may be via down-regulation of NF-κBdependent expression of the proteins growth arrest and DNA-damage-inducible (Gadd45) β and x-linked inhibitor of apoptosis protein (XIAP). The proteins Gadd45β and XIAP have been shown to inhibit the activation of the JNK/AP-1 pathway by interacting with kinases MAPK kinase (MAP2K) 7 and transforming growth factor β-activated kinase (TAK) 1, respectively [40] . Thus, the EF31-related increase in AP-1 transcription factor-DNA binding activity in our results may be due to potent inhibition of the NF-κB pathway and downregulation of the inhibitory proteins Gadd45β and or XIAP. However, this remains speculative and requires further testing.
In summary, EF31 is one in a series of curcumin analogs that show potent inhibition of NF-κB DNA-binding activity and nuclear translocation in conjunction with potent toxicity in NF-κB dependent cancer cell lines. Although preliminary studies suggest that EF31 may exhibit greater serum concentrations after oral administration that curcumin (see Supplementary Table 1) , more extensive bioavailability studies are needed. Pending these and toxicity studies, EF31 may serve as a relevant endpoint or a further step in the development of curcumin analogues for therapeutic applications in inflammatory disorders and cancer.
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human ovarian carcinoma cells curcumin at same concentration; † † p < 0.01 vs. EF24 at same concentration; a p < 0.001 vs. vehicle.
AP-1
Figure 4. EF31 inhibits LPS-induced pro-inflammatory cytokine mRNA expression
Mouse RAW264.7 macrophages were grown in 6-well plates and pre-treated with curcumin, EF24, EF31 (5, 10, or 50 µM), or vehicle (DMSO 1%) for 1 hour prior to treatment with LPS (1 µg/mL) for 3 hours. Whole cell mRNA was then collected as described in section 2.5 to assess TNF-alpha (A), IL-1 beta (B), and IL-6 (C) gene expression using RT-PCR. Results shown are representative of three separate experiments. All conditions were run in triplicate, and values shown are means (±SEM) expressed as percent inhibition from vehicle. *** p < 0.001 vs. curcumin at same concentration; † p < 0.05, † † p < 0.01, † † † p < 0.001 vs. EF24 at same concentration.
Figure 5. EF31 inhibits LPS-induced production of pro-inflammatory cytokine proteins
Mouse RAW264.7 macrophages were grown in 6-well plates and pre-treated with curcumin, EF24, EF31 (5, 10, Mouse RAW264.7 macrophages were grown in 60 mm × 15 mm cell culture dishes and pretreated with curcumin (50 µM), EF24(50 µM), EF31 (10 µM), or vehicle (DMSO 1%) for 1 hour. Cells were then washed and medium was replaced and treated with LPS (1 µg/mL) or saline. Nuclear proteins were collected at different time-points (15 minutes-6 hours) as described in section 2.3. NF-κB DNA-binding activity was measured using a DNA-binding ELISA. Results shown are representative of three separate experiments. All conditions were run in triplicate, and values shown are means (±SEM). * p < 0.05 vs. vehicle + LPS at 15 minutes.
Figure 8. EF31 shows no reduction in cell viability at concentrations that inhibit NF-κB
Mouse RAW264.7 macrophages were grown in 96-well plates and pre-treated with curcumin, EF24, EF31 (1, 5, 10, or 50 µM), or vehicle (DMSO 1%) for 1 hour prior to treatment with LPS (1 µg/mL) or saline for 15 minutes. Cell viability/ proliferation was then measured as described in section 2.8. Results shown are representative of three separate experiments. All conditions were run in triplicate, and values shown are means (±SEM) expressed as percent of vehicle. ** p < 0.01, *** p < 0.001 vs. curcumin at same concentration in the saline treated groups; a p < 0.05 vs. EF24 at same concentration in the saline treated groups; † † p < 0.01 vs. curcumin at same concentration in the LPS treated groups; bb p < 0.01 vs. EF24 at same concentration in the LPS treated groups. 
